In the United States, birth defects (BDs) are a leading cause of infant mortality, accounting for an estimated 20% of all infant deaths. 1 Population-based epidemiologic data demonstrate an association between preterm birth or low birth weight and various BDs. [2] [3] [4] [5] [6] [7] [8] The extent to which BDs may impact neonatal morbidity and mortality associated with preterm delivery remains unclear. Improved understanding of the frequency of BDs and outcomes in premature or low birth weight infants may help guide medical decision-making and counseling to families of affected newborns. We described the prevalence of BDs in a cohort of very low birth weight (VLBW) infants hospitalized at centers of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Neonatal Research Network (NRN) over a 10-year period and examined the impact of anomalies on outcomes and surgical care.
METHODS
Infants weighing 401 to 1500 g born January 1, 1998 , through December 31, 2007 , at NRN centers or admitted within 14 days of birth were studied. Maternal demographic, pregnancy, and delivery information and infant data collected from birth to discharge, death, or 120 days were entered into the NRN registry of VLBW infants. 9 This was the longest recent period during which information about BDs was collected consistently and before a change in registry eligibility in 2008. For infants still hospitalized at 120 days, a limited set of clinical outcomes occurring after 120 days was entered in the registry including discharge date or death up to 1 year of age. The registry was approved by the institutional review board at each center.
Infant data included birth weight (BW), gestational age (GA), gender, race/ethnicity, mode of delivery, receipt of antenatal steroids, final status, and cause of death. Small for GA (SGA) was defined as BW ,10th percentile for gender and GA based on Alexander percentiles. 10 Morbidities diagnosed during the initial hospital stay were recorded for infants surviving .12 hours, including patent ductus arteriosus (PDA), modified Bell's stage $ IIA necrotizing enterocolitis (NEC), 11, 12 respiratory distress syndrome (RDS) defined based on clinical features and oxygen or respiratory support for . 6 hours of the first 24 hours, late-onset sepsis (LOS; .72 hours) defined by positive culture and antibiotic therapy $5 days,
FIGURE 1
Percent of VLBW infants in the NRN with a major BD by birth year among infants whose mothers were ,35 years old vs 35 years or older. severe (grade 3 or 4) intracranial hemorrhage (ICH) classified by Papile criteria, 13 periventricular leukomalacia (PVL), retinopathy of prematurity (ROP), and bronchopulmonary dysplasia (BPD) based on need for supplemental oxygen at 36 weeks postmenstrual age (PMA).
Major BDs were recorded by using codes froma predefinedlistinthestudymanual of operations with defects not listed described in text fields. 9 Specific information was also entered in a text field for deaths attributed to BDs. Information from the defined codes and text fields was used to classify each infant with a major BD into 1 of the following categories modeled on those reported by Suresh et al 14 for the Vermont Oxford Network (VON): chromosomal anomalies; named syndromes, sequences, and associations; 1 or more major BD of a single organ system (nervous system, cardiovascular, gastrointestinal, genitourinary, bone and skeletal, miscellaneous single system anomalies); inborn errors of metabolism; and other multiple system anomalies. Each infant was assigned to 1 category only. Infants with anomalies in more than 1 category were classified into 1 category in the following order: chromosomal anomaly, named conditions, and other multiple system anomalies. Hydrops fetalis (43 cases) and oligohydramnios sequence (33 cases) were not counted as major BDs for this analysis, which contrasts with the VON report that included these conditions under named syndromes, sequences, and associations. Conditions not counted as BDs for this analysis are shown in the Appendix.
Statistical Analysis
Characteristics and outcomes were compared for infants with and without BDs. Statistical significance for unadjusted comparisons was determined by x 2 or Fisher' s exact test for categorical variables and Wilcoxon test for continuous variables. Kaplan-Meier survival curves were used to estimate median length of hospital stay (time from birth to discharge with deaths treated as censored observations) with statistical significance between groups determined by the log-rank test.
Adjusted analyses were conducted by using Poisson regression models with robust variance estimators to assess trends in prevalence of infants with major BDs over the study period, risk for BDs associated with neonatal characteristics, and risk of death and morbidities for infants with and without BDs. 15 Linear trends in prevalence were assessed by including birth year as a continuous variable, along with study center, mother' s age, race/ethnicity, and tests from these models are reported. Statistical testing was considered hypothesis generating and therefore P values were not adjusted for multiple comparisons.
RESULTS

Study Population
Between January 1, 1998, and December 31, 2007, 37 Infants studied were nearly all premature (,37 weeks GA, 99.8%) and had mean GA of 28 weeks and mean BW of 1007 g (Table 1 ). In this cohort defined by BW, the proportion of SGA infants increased with increasing GA. Infants with BDs weighed more at birth than infants without BDs (1057 vs 1004 g, P , .001), were born at later GA (mean: 29 vs 28 weeks, P , .001), and a greater proportion were SGA (40% vs 20%, P , .001). The proportion of infants born with a major BD was higher for mothers $35 years of age than for those ,25 (Table 2) , especially for mothers $40 
Types of Birth Defects
Chromosomal and cardiovascular anomalies were the most frequent types of BDs with each occurring in ∼20% of the 1776 infants affected (Table 3) . Nervous system, gastrointestinal, genitourinary, and other multiple system anomalies were each seen in 10% to 13%, whereas other types each accounted for ,5% of infants with major BDs. [2006] [2007] . Median age at death was day 3 after birth for infants with a BD who died (25th-75th percentiles: days [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Coded cause of death was congenital malformation for 95% of infants with BDs who died within 12 hours after birth, whereas immaturity was the coded cause for 75% of infants without BDs who died early. Of those who died .12 hours to 7 days after birth, the most frequent cause of death was congenital malformation (80%) for infants with a BD compared with RDS with or without other conditions (52%) for infants without a major BD.
Among VLBW infants with BDs, no significant difference was found in the risk of death for non-Hispanic black infants compared with non-Hispanic More than half of infants with chromosomal (61%), nervous system (57%), genitourinary (58%), bone and skeletal (51%), and other multiple system anomalies (69%) died before discharge ( ). e Percents were based on infants with nonmissing ICH and PVL outcomes, except that a diagnosis of either condition was sufficient to set the outcome to yes. Thus, percents were based on a sonogram taken within 28 days of birth and/or a sonogram taken closest to 36 weeks PMA (specified as after 28 days beginning in 2006). f BPD was defined for infants born ,36 weeks' GA as the need for supplemental oxygen use at 36 weeks PMA. For infants discharged or transferred before 36 weeks PMA, BPD was defined based on oxygen use at 36 weeks if known, or oxygen use at the time of discharge or transfer. reported with cardiovascular defects was smaller than at NRN sites (11% vs 20.6%). Neonates with BDs are more likely to have a screening echocardiogram, which may contribute to the increased frequency of congenital heart disease seen in these patients. However, these findings are important because only clinically significant defects were included in this analysis and it is unlikely that criteria for screening changed significantly during the study period. Although mortality rates related to congenital heart defects have trended downward over the past decade, mortality from heart defects is higher among low BW infants. [19] [20] [21] Cardiovascular defect specific mortality rates in our cohort 8 (22.2) were variable yet similar to reports in larger cohort studies of VLBW infants, with the highest mortality in those with HLHS, single ventricle, and tricuspid atresia. The majority of infants (84%) with HLHS in our cohort died before hospital discharge. Management of these infants is challenging due to neonatal comorbidities such as BPD, and inability to intervene surgically due to small size. Pappas et al 22 reported an increased risk of growth impairment and neurodevelopmental impairment among ELBW survivors with congenital heart defects. It will be important to monitor mortality trends in VLBW infants with congenital heart defects over time and morbidity among survivors.
In our cohort, neural tube defects accounted for 4% of all BDs and 41.5% of those involving the nervous system. Similar to published data, 23 the 70% mortality associated with neural tube defects in our cohort was higher than is typical among term infants.
VLBW infants with BDs who survived past 3 days had a more protracted hospitalization and were 3 times more likely to require surgical intervention than VLBW infants without defects. Over time, there has been a shift toward performing surgical procedures on neonates with conditions previously felt to be lethal. Therefore, it is important to examine specific mortality profiles and interventions to better evaluate the risk:benefit ratio in these clinical scenarios. Three (23%) of 13 infants with HLHS who survived more than 3 days had surgery, of whom 2 survived to discharge. It is unclear whether the other infants with HLHS were not considered surgical candidates based on their low BW or whether life-threatening complications developed before reaching an appropriate size to attempt surgical palliation. Seventy-one percent of those with congenital diaphragmatic hernia and 77% of those with an omphalocele underwent surgery before hospital discharge, yet mortality rates remained high. Some surgical options and potentially life-sustaining therapies, such as extracorporeal membrane oxygenation, are not technically feasible in VLBW infants resulting in higher mortality rates than those seen in term neonates with similar conditions. Although our birth cohort was not population-based, it included all VLBW infants from 22 academic centers across the United States. Data collection for this cohort was based on BW; therefore, our data collection may be incomplete at the extremes of GA. Although we were able to evaluate whether overall prevalence of BDs changed over the study period, our ability to evaluate trends in prevalence of specific BDs was limited by small numbers. We had no data on prenatal diagnosis, intent to treat, or timing of confirmation of diagnosis, each of which may have affected physician attitudes toward provision of intensive and aggressive care and effected inhospital mortality rates. Information on indication and timing of surgical procedures was limited.
CONCLUSIONS
Frequency of a major BD was low among VLBW infants but increased during the 10-year period. Infants with BDs had an increased risk of neonatal morbidity and mortality compared with peers without BDs. As boundaries for the care of extremely premature and VLBW infants with BDs continue to shift to lower GAs, it is important to evaluate morbidity and mortality among affected infants. Polydactyly "Congenital malformation," "termination for congenital anomalies," "congenital heart," "dysmorphic features," "multiple minor malformations" with no other information (5 cases-1 case each)
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